The design of French Vertical Flow Constructed Wetlands (VFCWs) lead to the formation of a sludge blanket at the surface of the first-stage filter-cells.This study combined several approaches to analyze suspended solids and sludge deposits taken from two real-scale plants treating domestic wastewater through a process chain including an aerobic biological trickling filter followed by FeCl3 injection and two successive stages of VFCW. The objectives were to assess the evolution of POM along the treatment steps, the effect of ageing within the surface sludge blanket, and to identify relevant analytical indicators of these phenomena.
Introduction
Constructed wetlands have become over the last decade the number-one technology used by small communities in France for the treatment of domestic wastewaters. The so-called "French system" composed of two successive stages of vertical-flow filters fed with un-settled wastewater is by far predominant in France. The first-stage filter usually comprises 3 cells which are alternatively fed for a week and rested for two weeks. Suspended solids are thereby progressively accumulated by filtration at the surface of the first-stage filter cells in the form of a sludge blanket. Recent studies have revealed the positive roles of this layer in suspended solids retention and dissolved pollutants sorption and/or degradation (Kim et al., 2013; Kim et al., 2014; Molle, 2014) . Fu et al. (2015) (Fu et al., 2015) showed that spreading sludge deposits taken from a mature plant at the surface of the first-stage filters of a newly installed plant improved greatly the startup performance of the new plant. However in practice, excessive accumulation of sludge deposits is considered to reduce permeability and thereby alter the performance of the system. Yet, clogging has been observed in some relatively young plants where sludge blanket's thickness is small whereas older plants with thicker sludge blankets may not exhibit clogging. Various causes related to plants design, environmental factors, construction and /or operational conditions may explain these different patterns of evolution.
Published data on sludge blanket concern mostly quantitative parameters such as thickness, humidity and organic matter contents. Compositional and structural parameters have rarely been considered, both in practice and in scientific publications, although they might have strong influence on clogging issues.
Several analytical methods are available to characterize the structure and composition of organic matter from natural origin, such as thermogravimetric analysis (TGA-DSC), Fouriertransform infrared (FT-IR) spectroscopy, ultraviolet/visible (UV/vis) spectroscopy, fluorescence excitation/emission (EEM) spectroscopy, and nuclear magnetic resonance (NMR) (Chen et al., 2003; Gomez et al., 2007; Gomez et al., 2005; Sheng & Yu, 2006; Wei et al., 2016; Zahra El Ouaqoudi et al., 2015) . In a previous paper, we reported comparative data of particle size distribution and aggregation in sludge deposits taken from 14 VFCW plants operated in France with different types of design and treatment processes (Kania et al, 2017) . The present article investigated the characteristics of organic matter in wastewater suspended solids and in sludge deposits, using complementary techniques selected for their relevance, non-destructive nature, relative simplicity and rapidity (Baccot, 2016; Kogel-Knabner, 2000) . Wastewater suspended solids were sampled at different stages along the treatment chain and sludge deposits were sampled from the sludge blanket at the surface of the first-stage filters of two French VFCW plants of different ages. The objectives were to assess the factors governing the evolution of wastewater particulate organic matter in French VFCW systems and evaluate the effects of ageing within the sludge blanket.
Materials and Methods

Origins of the samples
Particulate organic materials were taken from two French VFCW plants of similar sizes (around 1000 population equivalent) and designs, treating mostly domestic wastewater. The plants were located in the middle-eastern part of France, respectively in Vercia (Jura) and Cormatin (Saône et Loire), and referenced here as VER and COR. Both plants were designed and operated according to the AZOE-NP ® process patented by the French company SCIRPE in 2003 and illustrated in Figure 1 . The system combined successively (i) a sieving and gridding operation to remove coarse debris and particles, (ii) a biological treatment on an aerobic trickling filter to treat organic load and promote nitrification, (iii) FeCl3 injection to precipitate phosphates, and (iv) two successive French VFCW stages respectively made of three and two alternatively fed filter cells. The levels of water-saturation in the filter-cells was adjustable to allow nitrification in the upper vadose zone and denitrification in the lower saturated zone.
The major difference between the two selected plants was in their number of years of operation.
Vercia plant (VER) was started in 2004 as the first AZOE-NP ® plant put in operation, whereas Cormatin (COR) was started in 2015. Table 1 2.2. Sampling and samples preparation Inflow suspended solids, denoted SSi, were collected from wastewater feed by sieving at 0.45µm the aqueous suspensions sampled from the inlet of each plant (spot (A) in Fig. 1 ). In COR plant, suspended solids were also collected at different stages along the process line as shown in Fig. 1 . This was not technically feasible in VER plant. Suspended solids denoted SSTF were collected from the outlet of the trickling filter (spot B), and solids SSTF-Fe were collected from the wastewater spread at the surface of the first-stage filters (i.e. after FeCl3 injection, spot C in Fig. 1 ). The solids were recovered from the sieves using a small volume of the suspension of origin, and the concentrated suspensions were then taken to the laboratory where they were centrifuged.
Fig. 1: Simplified diagram of AZOE-NP ® process in the selected French VFCW plants. The numbers show the successive stages of the treatment line: [1] Gridding / sieving; [2] aerobic biological trickling filter; [3] FeCl 3 injection, and [4] first stage filter cells. The letters show the locations of the sampling spots, as explained in
Sludge deposits, denoted SD, were taken from the surface sludge blanket of the first-stage filter cell in each plant (D in Fig. 1 ). The whole depth of the sludge blankets was sampled from about 10 spots randomly distributed over the surface of the filter cells. Samples from each spot were treated onsite to extract manually reeds' rhizomes and gravels, and finally mixed together to constitute the overall sample representative of the whole surface layer of the considered plant. Table 1 summarizes the different types of samples taken from each plant.
All samples (suspended solids SS and sludge deposits SD, respectively) were brought to the laboratory within a maximum of 4 hours. An aliquot of each sample was directly analyzed to determine humidity by drying at 105°C until constant mass. 
General characterization of organic matter
The particulate organic matter of the suspended solids and sludge deposits samples was firstly characterized with respect to general properties, namely its reactivity to thermal oxidative treatment and its extractability into aqueous solutions.
Thermogravimetric and differential thermal analysis (TGA / DTA)
Thermo-gravimetric methods have been used by many authors in various objectives, for example to monitor the aerobic bio-stabilization of activated sludge or the composting of yard waste or municipal solid wastes organic fractions (Otero et al., 2002) .
Analyses were carried out using a METTLER TOLEDO TGA/DTA thermogravimetric simultaneous thermal analyzer whose temperature precision was ±0.5°C and microbalance sensitivity less than ±0.1mg. A dry mass of 20 mg of each sample was heated from 35°C to 900°C at a rate of 10°C/min, under a flow of air of 50 mL per minute. Several blank experiments were carried under the same conditions as the assays but without any sample.
Organic matter contents (OM) of samples were obtained by measuring the mass loss of the samples between 200 and 600 °C (Som et al., 2009 ).
Organic matter extractability
A fractionation method was used to assess the extractability of the particulate organic matter from the different samples. The method consisted in successive extractions of organic constituents into aqueous solutions of different natures. It was adapted from the protocol proposed by Jimenez et al., 2015 (Jimenez et al., 2015 . A dry mass of 0.5 g of each solid sample prepared as detailed above was treated according to the following steps: All samples were treated in triplicates. Extractions were carried out in an orbital shaker at room temperature. Following each sequence of extraction, the solids were separated from the solutions by 15 min of centrifugation at 10000 g and 4°C. For each sample and replicate, the supernatants obtained from each step of the protocol were mixed together, filtered at 0.45 µm on cellulose acetate filters and analyzed for dissolved organic carbon. The organic fractions thereby collected were referenced to as soluble organic matter (SPOM, step 1), readily extractable organic matter (REOM, step 2), slowly extractable organic matter (SEOM, step 3) and hardly extractable organic matter (HEOM, step 4), respectively.
Molecular analyses of organic constituents
3D Fluorescence EEM spectroscopy
Each extract obtained from the fractionation of inflow suspended solids SSi and sludge deposits SD from both plants was analyzed by 3D Fluorescence Excitation Emission Matrix (EEM) spectroscopy. Analyses were done using a Hitachi F-7000 fluorescence spectrometer operated at room temperature. The slit widths were set to 5 nm for the excitation and emission monochromators, and the scan speed was set to 12,000 nm/min. EEM spectra were gathered with the subsequent scanning emission spectra (Em) from 200 to 500 nm at 5 nm increments by varying the excitation wavelength (Ex) from 200 to 450 nm at 5 nm increments. Filtered aqueous solutions obtained from the sequential fractionation protocol described above were diluted with deionized water to a TOC concentration of ca. 5 mg/L before EEM spectroscopy analyses. All samples were analyzed in triplicates. Blank spectra were obtained by analyzing de-ionized water, and subtracted from the samples spectra.
Resulting spectra were usually exploited by considering five or more regions with specific excitation and emission wavelength boundaries considered representative of different categories of organic constituents as illustrated in Fig. 2 (Chen et al., 2003; He et al., 2011; Jimenez et al., 2014) . Regions I and II were associated to various amino acids (notably aromatic amino-acids such as tyrosine) and peptides, Region IV to proteins-like substances and small size compounds such as microbial metabolites. Regions III and V were reported to be related respectively to complex aromatic phenolic acids such as ligno-cellulosic complexes, fulvic-like acids or similar compounds, and humic-like acids or related compounds (complex polyaromatic acids of high molecular size). 
Infrared spectroscopy
Fourier Transform InfraRed (FTIR) spectrometry was used to probe the functional groups related to the organic matter, present in the sludge.
FTIR spectra were collected from dry powder samples using a Thermo Nicolet 6700 spectrometer equipped with Germanium attenuated total reflection (ATR) and deuterated triglycine sulfate (DTGS) detectors. Each spectrum was obtained as the average of 128 scans in the range of 400-4000 cm -1 with a spectral resolution of 2 cm -1 .
Isotopic analyses
15 N/ 14 N and 13 C/ 12 C isotope ratios were analyzed simultaneously using a Thermo Flash EA-1112 Elemental Analyzer linked to a Delta V Plus Isotope-Ratio Mass Spectrometer (EA-IRMS) via a Conflo IV interface (all Thermo Fisher Scientific, Bremen, Germany). All analyses were duplicated. About one mg of sample was deposited into tin capsules and placed in the combustion unit set at 950°C and circulated with a flow of helium at 90 mL.min -1 spiked with di-oxygen. Particulate carbon and nitrogen were thereby transformed into CO2 and NOx respectively, and carried by the vector gas flow, firstly through a copper reduction furnace set at 650°C where nitrogen was reduced into N2 and excess di-oxygen was trapped, secondly through a water trap containing anhydrous magnesium perchlorate. N2 and CO2 were then separated using a gas chromatographic column.
N isotopes were detected from N2 gas using the signals collected at masses 28, 29 and 30. C isotopes were measured in CO2 gas using signals collected at masses 44, 45 and 46. 15 N/ 14 N and 13 C/ 12 C isotopic ratios were expressed in Delta unit with respect to international standards according to the following formula shown for 13 C/ 12 C ratio:
The considered standards were Vienna Pee Dee Belemnite (VPDB calcium carbonate) and atmospheric N2 for δ 13 C and δ 15 N analyses, respectively.
Reference standards IAEA CH-7 polyethylene foil (δ 13 C = -31.82 ‰) and USGS 40 L Glutamic acid (δ 13 C = -26.39 ‰, δ 15 N= -4.56‰) supplied by the International Atomic Energy Agency (IAEA, Vienna, Austria) were regularly analyzed as controls. L Valine (δ 15 N= -4.56‰) was also used as an additional standard. Uncertainties on δ 13 C and δ 15 N measurements were estimated to less than 0.3 ‰.
2 H/ 1 H isotope ratio was analyzed using a Thermo Finnigan TC/EA High Temperature Conversion Elemental analyzer (TC/EA) connected to a Thermo Delta V plus isotope-ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Each analysis was duplicated.
A mass of 200 to 400 µg of dry powder sample was introduced into the pyrolysis unit set at 1450°C. This unit consisted in an internal glassy carbon tube partly filled with black carbon granules incorporated into an external alumina tube and circulated with helium at a flow of 80 mL.min -1 . H2 gas produced from the pyrolysis of the sample was then transferred into the isotope-ratio mass spectrometer (IRMS) via a Conflo V interface (Thermo Fisher Scientific).
δ 2 H ratios were expressed in Delta unit with respect to Vienna Standard Mean Ocean Water (VSMOW) considered as the international standard. IAEA CH-7 polyethylene foil (δ 2 H = -100.3 ‰) was analyzed as a standard every eight samples to control the efficiency of the pyrolytic conversion. Uncertainties on δ 2 H measurements were estimated to less than 5 ‰.
Results and Discussion
3.1. Thermal analyses Figure 3 shows the DTG and DSC profiles obtained from the analyses of inflow suspended solids (SSi) and surface sludge deposits (SD) sampled from the selected plants. Although the assays were monitored from room temperature to 900°C, the graphs were represented only between 200° and 600°C, which is known as the range of temperatures inducing thermal degradation of organic polymers of natural origins (Torres-Climent et al., 2015) . Data recorded below 200°C and above 600°C were not shown because they induced respectively water evaporation and thermal degradation of mineral phases, which were considered not significant in this study.
Organic matter contents
OM contents in the suspended solids SSi calculated from the results in Figure 3 revealed values as high as 86.1 % w / w of dry matter in VER plant and 75.8 % in COR, confirming the data from previous analyses of the same samples (Kim et al., 2013) . In both plants, OM contents were found to be much lower in surface sludge deposits SD than in the suspended solids SSi.
In COR plant, which had been in operation for less than one year when the samples were taken, the decrease in OM contents was limited (from 75.9% w / w of DM in SSi to 65.2 % in SD).
The analysis of SS collected from COR plant at the outlet of the trickling filter (SSTF) and after 
Reactivity to oxidative thermal treatment
The graphs shown in Fig. 3 revealed for all samples DTG and DSC profiles with two peaks corresponding to the oxidative thermal degradation of two major groups of biopolymers in the samples. The first major peak was observed at temperatures between 200 and 400°C with a maximum between 275 and 315°C corresponding to the point of inflexion of the respective mass loss curves. This peak was attributed to the thermal degradation of organic compounds of low to medium chemical stability, such as carbohydrates, aliphatic alcohols, lipids, amino acids etc., whose thermal reactivity may be considered as an indicator of their relatively good biodegradability Fernandez et al., 2012; Gomez et al., 2007; Som et al., 2009; Zahra El Ouaqoudi et al., 2015) . The second peak was observed at a temperature range of 450 to 600 °C with a maximum between 450 and 500°C. It was attributed to the thermal degradation of more stable organic matter, potentially recalcitrant to biodegradation, such as ligno-cellulosic complexes, humic and fulvic compounds, etc. Cuypers et al., 2002; Melis & Castaldi, 2004; Torres-Climent et al., 2015; Zahra El Ouaqoudi et al., 2015) . Previous studies have shown that thermal stability was well correlated to the recalcitrance to biodegradation (Bayard et al., 2005) .
RTGA index was introduced as an indicator of the thermal stability of the organic matter, defined as the ratio of the mass loss recorded between 400 and 600 °C (mExo2, peak2) to that recorded between 200 and 400°C (mExo1, peak 1). For example, compost is considered mature when RTGA reaches 0.8, while below 0.8 the humification process is considered incomplete (Som et al., 2009) . Table 2 gathers the values of RTGA index calculated for all the samples analyzed here.
For both plants VER and COR, it can be seen that RTGA index was around 0.4 in the inflow wastewater suspended solids (SSi) and 0.8 in suspended solids SD. Indeed the DTG profile of inflow suspended solids (SSi) were characterized by a first peak with a higher surface area than the second one, whereas surface deposit (SD) samples showed a profile with two peaks of similar surfaces. It was concluded that the suspended solids collected from the inflow wastewaters contained a predominant proportion of thermally reactive, potentially biodegradable compounds whereas the sludge deposits collected from the surface sludge deposit contained roughly an equivalent proportion of thermally-reactive, potentially biodegradable (first peak) and thermally-stable, potentially recalcitrant (second peak) compounds. Using a similar approach, Cuypers et al. (2002) also reported that the DTG profile of samples containing highly humified, poorly biodegradable, organic matter would exhibit a small peak at temperatures around 300°C and a bigger one at higher temperatures around 500°C.
The DSC profiles showed that the thermal degradation processes were exothermic since the positive peaks in the DTG profiles were associated to positive peaks in the DSC profiles corresponding to heat releases. Fig. 3 revealed that in all the samples analyzed, the surface area ratio of the first peak in DSC profile over the first peak in DTG profile, was much smaller than for the second peaks. The thermal degradation of the organic matter associated to the first peak was therefore much less exothermic than the degradation of the constituents associated to the second peak. This observation indicated that the first peak corresponded to oxygenated organic compounds whereas the constituents associated to the second peak contained more C-C and C-H bonds. Other authors have reported that in biomass samples, the first peak was associated to hemicelluloses and cellulose, rich in hydroxyl groups, whereas the second peak corresponded to polymers with higher C and H contents such as humic-like substances, lignin and lignocellulosic complexes (Magdziarz & Wilk, 2013) . DTG profiles of the suspended solids taken along the treatment chain in COR plant (SSTF and SSTF-Fe respectively) were also characterized by two peaks of similar surfaces as in SD sample (Fig. 3 ). The first peaks (corresponding to the most reactive, oxygenated compounds) in SSTF and SSTF-Fe DTG curves were very close to each other (both in surface and temperature) and also similar to that of SD sample. Their surface areas were however much smaller than that of the first peak in SSi sample. Table 2 showed that RTGA index was 0.4 in the inflow suspended solids, 0.9 in the suspended solids at the outlet of the trickling filter (SSTF), 0.6 after FeCl3 injection (SSTF-Fe), and 0.8 in the sludge deposits SD. It was firstly concluded that the hydrolysis and mineralization of the readily biodegradable particulate organic matter occurred mostly at the stage of the aerobic biological treatment on the trickling filter, underlining the major role of the trickling filter in the overall performance of the system. The decrease of RTGA from 0.9 to 0.6 following FeCl3 injection suggested that organic compounds of small molecular size and relatively poor stability were flocculated from the aqueous solution and collected with the SSTF already present, thereby reducing the RTGA index of SSTF-Fe. Finally, the reactive organic constituents of SSTF-Fe were progressively mineralized and / or leached during the ageing of sludge deposits within the sludge blanket, resulting in an increase in RTGA index.
3D Fluorescence EEM spectroscopy of POM extracts
POM fractionation
Results of POM fractionation are shown in Fig. 4 . It was firstly observed that the fractionation of inflow suspended solids SSi from the two plants revealed very similar results (Fig. 4a) ,
indicating that the particulate organic matter in the inflow wastewater was of similar composition in both plants. The sludge deposits SD also revealed very similar profiles in the two plants, indicating that the overall treatment line induced very similar transformations of particulate organic matter (POM) from its initial state in inflow suspended solids to its state in sludge deposits SD. The major modification was a decrease in the "soluble" and "readily extractable" fractions SPOM and REOM. This decrease was observable in each plant both in terms of the proportions of the fractions in the overall POM ( Fig. 4a ) and with respect to their masses per unit mass of dry matter (Fig. 4b) . These fractions were probably associated with the first peak in the DTG / DSC curves of Fig. 3 . Due to their relatively good biodegradability and extractability, their organic constituents were probably hydrolyzed, mineralized and/or leached out from the POM once accumulated in the form of SD at the surface of the VFCW filter cells.
The mass of "hardly extractable fraction" HEOM was also found to decrease, particularly in VER plant (Fig. 4b) , but proportionally less than SPOM and REOM fractions. Consequently, the proportion of HEOM fraction in the overall POM was found to remain similar in SSi and 
3D Fluorescence EEM spectroscopy of POM extracts
All the aqueous extracts obtained from the fractionation steps discussed above were analyzed by 3D fluorescence EEM spectroscopy. The spectra collected from SPOM, REOM and HEOM extracts were found to be very similar to each other regardless of the nature of the samples they were obtained from. Therefore, to simplify the presentation, only a selection of the spectra are shown here. The other spectra are shown as supplementary data.
To illustrate the results here, all the spectra obtained from all extracts of VER samples are shown in Fig. 5 . The spectra were all characterized by two major peaks located in regions I and/or II (peak A) and in region IV (peak B), revealing the presence of various organic constituents such as aromatic amino-acids or peptides and other low-molecular size compounds such as microbial metabolites, proteins and other biopolymers (Fig. 2) .
Unlike SPOM, REOM and HEOM extracts, the spectra collected from SEOM extract revealed significant differences in the position and intensities of peaks A and B according to the origin of the samples as shown in Fig. 5c for VER plant and Fig. 6 for COR. In this fraction, (Lu et al., 2015; Wei et al., 2016) . These results therefore revealed that the organic compounds extracted in SEOM fraction were globally more complex and humified in the sludge deposits than in the inflow suspended solids, suggesting a process of transformation of the low molecular weight organic constituents of inflow suspended solids into more complex, humified substances in sludge deposits.
These evolutions were observed in a similar manner in VER ( Fig. 5 ) and COR (Fig. 6) plants,
suggesting that the age of the sludge deposits, beyond 1 year of age in COR plant, did not significantly affect the degree of humifaction of their organic matter. It was concluded that one
year of operation was sufficient to reach a state of relative equilibrium in the composition of the POM in the sludge deposits.
The comparison of SEOM extracts spectra in the suspended solids collected at different stages of the treatment chain in COR plant (Fig. 6) showed that the observed evolutions were predominantly induced by the stage of FeCl3 injection. Since it was shown above (Fig. 4b ) that
FeCl3 injection specifically reduced SEOM content, this observation may be attributed to the oxidation by Fe (III) of reactive organic compounds and the associated proportional increase of humic-and fulvic-like substances, or the formation of complex structures from more simple compounds in SEOM fraction due to the coagulating effect of FeCl3. Additionally, the increase of peak B intensity between SSTF-Fe and SD samples provided further evidence of the ageing of organic matter resulting in a higher degree of humifaction within the sludge deposits (Lv et al., 2013) . 
FTIR analyses
The FTIR spectra obtained by analyzing the inflow suspended solids and sludge deposits from each plant are shown in Fig. 7 . The figure also shows the spectra collected from the suspended solids sampled at different stages of the treatment chain in COR plant (SSTF and SSTF-Fe). (νN-H; δN-H) may be related to the presence of proteins (Ibarra et al., 1996; Laurent et al., 2009; Zaccheo et al., 2002) . The bands at 1468 cm -1 and 1419 cm -1 may be assigned to C-H deformation of aliphatic compounds (δC-H) (Kim & Yu, 2005) . The bands at 1378 cm -1 and 1313 cm -1 correspond to the angular distortion of CH bond in methyl esters and C-N stretching, in aromatic primary and secondary amines (νC-N) (Lv et al., 2013) , respectively.
The band at 1238 cm -1 corresponds to the deformation vibration of C = O (δC = O) and / or the stretching vibration of O-H (δO-H), characteristics of carboxylic acids and phenol (Laurent et al., 2009 ). The bands between 1180 and 900 cm -1 may be related to Si-O stretching in mineral phases (Haberhauer et al., 2000; Jouraiphy et al., 2005) , but C-O stretching of polysaccharidelike substances (Fernandez et al., 2012) , carbohydrate, aromatic ethers (Jouraiphy et al., 2005; Laurent et al., 2009 ) and alcoholic compounds (Kim & Yu, 2005) may also contribute. A slight decrease of the bands at 1574, 1466, 1417 cm -1 was observed at the trickling filter stage (SSTF samples) in COR plant, indicating a reduction of the contents in quinone, ketone, and aliphatic compounds respectively. This finding was consistent with the results from thermal analysis which already showed the major effects of the trickling filter. Conversely, a slight relative increase of the bands at 1634 cm -1 and 1238 cm -1 was observed at the trickling filter stage, confirming the effect of the trickling filter in the formation of carboxylic acids and therefore in the aerobic mineralization of POM discussed above. After FeCl3 injection (SSTF-Fe samples), a strong decrease in the intensity of the band at 1538 cm -1 was observed, revealing a decrease in N-H groups notably present in amino-acids, peptides and proteins.
Isotopic analyses
The average values of δ 13 C, δ 15 N, and δ 2 H isotopic ratios measured in the different samples are gathered in Fig. 8 . It can firstly be seen that the suspended solids on the one hand and the sludge deposits on the other hand revealed very close isotopic compositions regardless of the plant of origin, as already observed above with respect to the other parameters analyzed in this study.
In both treatment plants, δ 13 C values were also found to be the same in SSi and SD samples.
The recorded values ranged between -26.5 ‰ and -26.3 ‰ which is the typical range recorded in natural OM derived from C3 photosynthetic pathway (Fernandez et al., 2003) . This parameter was therefore not identified here as a good indicator of the evolution of POM in the investigated system. δ 15 N ratio was found to be more relevant than δ 13 C as an indicator of POM evolution. δ 15 N ratio was found to be higher in SD samples (6.10 ± 0.31 ‰ and 5.98 ± 0.46 ‰ in VER and COR treatment plants, respectively) than in SSi (4.8 ± 0.3 ‰ and 2.2 ± 0.3 ‰ ‰ in VER and COR, respectively). This finding was related to the microbial processes of hydrolysis and mineralization of POM. Due to their lower energy, the C-14 N bounds were lysed preferentially by the microbial catabolism as compared to C-15 N bounds, resulting in a progressive enrichment of the heavy isotope 15 N within the residual POM (De Clercq et al., 2015; Novak et al., 2014) .
This observation was already reported in several natural media such as forest soils (Hobbie & Ouimette, 2009; Novak et al., 1996) . δ 2 H ratio was also found to be higher (less negative) in SD samples (-80 ± 9 ‰ and -71 ± 7 ‰ in VER and COR treatment plants, respectively) than in SSi (-121± 13 ‰ and -101± 11 ‰ in VER and COR, respectively). The increase in δ 2 H ratio in natural media was already observed by other authors and related to an increase in the stability and maturity of organic matter (Schimmelmann et al., 2006) . The increase observed here was therefore considered to provide an additional evidence of the humifaction of POM, first along the treatment chain in parallel with the major mechanisms of hydrolysis and mineralization, and then, more notably, during the ageing of surface deposits within the surface sludge. δ 15 N and δ 2 H isotopic ratios were therefore identified as good indicators of POM evolutions in French VFCWs.
The monitoring of δ 15 N and δ 2 H isotopic ratios in the particulate samples taken along the treatment chain from COR treatment plant (SSi, SSTF-Fe, SSTF-Fe and SD samples, respectively)
showed that the aerobic treatment on the biological trickling filter was the stage where the strongest changes were observed (Fig. 8b) . The evolutions recorded in δ 15 N and δ 2 H isotopic ratios revealed the same patterns as observed with other analytical parameters reported above in the article, such as SEOM contents (Fig. 4b ) and R TGA index in Table 2 . 
Conclusion
The four analytical methods allowed to have information both on the nature of the organic matter but also its evolution throughout the treatment chain. Indeed, the thermal analysis indicated that the POM resulting from the inflow domestic wastewater consisted essentially of reactive, relatively oxidized biodegradable constituents. On the contrary, the POM resulting from the sludge deposit was constituted of both an easily biodegradable organic matter and also thermally stable compounds. This suggested the humification process over time on the filter.
This observation was confirmed by the use of the 3D fluorescence EEM analysis, which showed an evolution of the OM from low-molecular reactive compounds to more complex and stable structures as humic-like substances, but also by the FTIR analysis, shown by the increase of the bands at 1634 cm -1 (vC=O) and 1238 cm -1 (δC=O and / or δOH) in the sludge deposit.
The isotopic approach was a first for this type of system. It was observed that the δ 15 N and δ 2 H isotopic ratios were good indicators for studying the evolution of OM. It has been shown that the increase of the δ 2 H ratio between the SS and the sludge was synonymous with the humification process. The ratio δ 15 N clearly showed the microbial processes of hydrolysis and mineralization.
All the analyzes carried out along the treatment chain were agreed on the importance of the trickling filter on the OM transformation, and in a second measure the FeCl3 addition. Indeed, thermal analyzes showed hydrolysis and partial mineralization of inflow wastewater compounds through TF, which was confirmed by FTIR analysis, with a decrease in the intensity of the bands 2919 cm -1 , 2851 cm -1 (vCH2), 1574 cm -1 (vC=O), 1538 cm -1 (νN-H ; δN-H), 1466 cm -1 (δC-H) and 1313 cm -1 (vC-N). The analysis of 3D fluorescence EEM showed the impact of FeCl3 on the change in the nature of organic matter: the oxidation by Fe (III) of small molecules, like proteins, was associated with the enrichment of substance type humic-like, or the coagulation effect of FeCl3 on the OM particles. This decrease in protein-like molecules was also observed with the FTIR analysis.
This study clearly shows the complementarity of the analyzes carried out. However, advantages and disadvantages for each analysis can be emphasized. The TGA, FTIR and isotopy allow to carry out the analysis directly on the solid sample, on the contrary an extraction step is necessary for the 3D Fluorsecence EEM spectroscopy. However, the four methods allow analysis on small sample quantities. The TGA gives only a global view of the compounds found in the samples, whereas 3D Fluorsecence EEM spectroscopy and FTIR can be more precise analyzes on the type of compound found. The isotopy seems to be a "promising" analysis but has to be consolidated on this type of matrix.
